1. Introduction. - The determination of factors which control the electrocatalytic quality of different electrode materials may have a major contribution to efforts aimed at improving the performance of various batteries and electrolyzers. For electrochemical reactions which occur on a bare metal surface, properties of the metal itself such as the electronic band structure, the work function [I] etc., may determine the catalytic quality of the electrode. However, a large number of electrochemical reactions, most of which are anodic processes, occur at an oxide-electrolyte interface. For this last type of reactions the catalytic properties of the metal/oxide/electrolyte system are to a large extent determined by the characteristics of the oxide layer. The most relevant properties of the oxide are the electronic conductivity, the stability with respect to corrosion and, especially, the surface activity of the oxide, which may be described in terms of the density of surface states in the appropriate energy region and symmetry [2] at the oxide-electrolyte interface or, alternatively, in the more chemical terms of the surface afinity to intermediates adsorbed on it in the sequence of steps of the electrochemical reaction in question. In-situ optical measurements are an important tool in the evaluation of the properties of such oxide layers under exactly the same conditions as those prevailing during the operation of the interface as an electrocatalyst. They are especially suitable for following changes in the nature of the oxide introduced by electrochemical treatments, which may bring about significant modifications in the electrocatalytic activity of the interface with a bearing on the possibility to rejuvenate an oxide catalyst the activity of which has suffered a deterioration with time.
This contribution will describe the optical monitoring of the growth and properties of oxide layers on two noble metals : Platinum and Iridium, as well as on the electropositive metal Titanium. The electrochemical modification of the oxides' properties, as monitored optically, will be related to their performance in the electrooxidation (or the photoelectrooxidation) of water into molecular oxygen. A combination of ellipsometric and reflectometric measurements was used, and proved to be very helpful for the evaluation of the optical properties of very thin films -a quite difficult task when only ellipsometric results are available.
2. Experimental. -The optical measurements of the Pt oxide layers were performed on a Rudolph ellipsometer and those of the Ir oxide -on the automatic version of the same ellipsometer (model RR 2 OOO), both at Brookhaven National Laboratory in the U. S. Measurements of the Ti oxide films were made on the Gaertner model L-119, at the university of Tel-Aviv. The electrochemical-optical cell used was the same in all the cases and has been described in detail elsewhere [3] . Reflectometric measurements were taken on the same optical set-up with the ellipsometer components set at P = A = 00 or P = A = 900 for measurements of relative changes in the reflectance at parallel or perpendicular polarization respectively. A highly stabilized power supply to the tungsten halogen lamp allowed long term measurements of changes in the intensity without the need of a doublebeam arrangement. A wavelength of 546 nm, selected by either an interference filter or a monochromator, was used in all the optical measurements. Analytical reagent grade chemicals were dissolved in triply distilled water for the preparation of the appropriate solutions.
In the evaluation of the apparent properties of the thick oxide on Pt, the electrode potential was lowered to 1.65 V in order to take the optical readings, because at 2.2 V, where the oxide is formed, the current density of the o. e. r. is too high to allow meaningful measurements. On the other hand, ellipsometric measurements (but not reflectometric) were possible on Ir-oxide inside the o. e. r. region as long as the current density did not exceed 10 mA cmF2 [4] .
Computer analysis of the optical results was made by using a program for locating the minimum of the LAYERS. -Platinum (or, more precisely, the Pt/Pt oxyde system) is known to be a stable anode material in acid aqueous solutions, but its catalytic activity in the oxygen evolution reactions (0. e. r.) is considerably inferior to that of other metal oxides such as Ir-oxide (see next section) or Ru oxide 1.51. A relatively intensive effort has been devoted in the past to the electrochemical as well as optical analysis of the surface oxide on platinum [6] . Most of the conclusions were reached on the basis of experiments which were limited to the so called oxide potential region (up to --1.6 V us. the reversible hydrogen electrode (RHE) in the same medium) and to times ranging typically between a few seconds and 10-15 minutes. However, after long term polarization of potentials between 2.10-2.25 V us. RHE in a 0.5 M H,SO, solution (the current densities ranging between 10-100 mA/cm2) a new surface layer can be identified on the platinum electrode, which is very well resolved from the thin superficial oxide layer which forms at lower potentials in the so-called oxide region : A linear cathodic scan following the long term anodic polarization reveals a second large and sharp reduction current peak which appears well inside the Pt-hydrogen region and is well resolved from the regular oxide reduction peak which preceeds it and appears in the same range of potentials as in the absence of the additional reductible layer [7, 81. While the growth of the regular type of Pt-oxide after long periods of polarization is quite small, the other type of oxide which is formed only well inside the oxygen evolution region may reach a thickness of several hundred layers after a few hours of polarization. This behaviour has already been described by Shibata 171, and his terminology for these films will be used :$lm a for the layer formed during anodization at lower potentials, and which is reduced at --0.7 V us. the RHE, and film P for the thick film formed inside the o. e. r. region. Woods have argued [12] that the multicycling treatment produced an oxide layer which was irreducible at OV us. RHE under the multicycling conditions, while the large reversible and growing oxide peak currents were due to a change of the stoichiometry in this layer. In order to examine optically the nature of the surface layer left on the Ir electrode as a result of multicycling, ellipsometric and reflectometric readings were taken at 0.25 V and at 1.40 V at eight points in time during a cycling experiment which lasted 15 hours. The changes in each of the parameters were related 
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to the reference readings obtained at 0.25 V for the freshly polished Ir surface ( n^, , , measured for the polished surface was 3.19-4.95 i). The fit between experimental 6 A and 6 Y readings at 0.25 V and the best calculated curve obtained under the assumption of uniform isotropic film growth due to multicycling, is demonstrated in figure 4 . The same figure also shows that experimental ellipsometric readings obtained for the thinner films produced in the earlier stages of growth, could be also reasonably well fitted to a solution of a metallic Jilm. This, apparently, caused the earlier misinterpretation of the optical results obtained for an Ir electrode subjected to potential multicycling [13] . Since the theoretical 6 A us. 6Y curve for a metallic Jilm converges upon the readings for a two-phase (ambient-absorbing film) system as the thickness of the film exceeds 600-700 A (Fig. 4) , ellipsometric measurements may be sufficient to differentiate between slightly absorbing films and metallic films provided the films can be grown to larger thicknesses. ing ellipsometric and reflectometric measurements : The solution of a metaIlicJilm is shown to be rejected at very early stages in film growth in view of the additional reflectometric results, whereas at such early stages in film growth it is actually impossible to distinguish between metallic and slightly absorbing films on the basis of ellipsometric readings alone (Fig. 4) . Figure 6 shows the results of the analysis of the optical results obtained at 1.40 V during the growth experiment, again under the assumption of uniform isotropic film growth. The optical properties of the films monitored at 0.25 V and at 1.40 V mean that a hydrated hydroxide overlayer is produced by multicycling, and that it is converted to a light absorbing layer by the application of an anodic potential across it.
(The layers at 1.40 V were found to be 10-15 % thicker compared to those detected at 0.25 V after the same number of cycles). Slightly higher extinction coefficients of the oxide layer were found inside the o. e. r. region at 1.50-1.55 V, where the current density of the o. e. r. was 5-10 mA cm-' and ellipsometric measurements still meaningful [4] .
Since the thick oxide layer on Ir could be easily removed by electrooxidation at potentials higher than 1.60 V [4] , this allowed a comparison of the Ir electrode catalytic activity in the presence and the absence of the phase oxide, as given in figure 7 . Again, a thick oxide layer of the appropriate oxidation state is shown to exhibit an improved performance in the o. e. r. : The increased light absorption due to anodic applied potential is most probably due to a process such as :
where z is smaller than one 141. The mixed valence oxide produced by anodization is expected to be a better electronic conductor, and also, to have a higher concentration of active sites, probably in the form of empty appropriate states located on the surface metal ion of the higher valence [4] . The fact that a considerable deterioration in the performance of the thick film electrolyte interface in the o. e. r. at 1.50 V was not accompanied by strong apparent changes of the thick oxides' properties [4] means, again, that the nature and long term fate of the surface states formed by anodization of the Ir(OH), layer may be different (and more significant) than that of the bulk states.
. THE ELECTROCHEMICAL MODIFICATION OF OPTI-CAL AND ELECTROCATALYTIC PROPERTIES OF TiO, FILMS.
-Thin oxide films grown on fresh Ti surfaces which have been mechanically abraded in-situ, can be optically monitored according to a procedure similar to that suggested by Ambrose and Kruger [14] . Such films can be then electroreduced at potentials inside the H, evolution region and are then found to have a much higher absorption coefficient. (Thick TiO, photoanode materials are routinely prereduced by gaseous Hz at high temperature, to produce the ntype semiconductor which exhibits an improved performance in the photooxidation process 1151). figure 8 . It is quite understandable why the increase of qil,, which testifies most probably to an increased electronic conductivity as well as an increase in the number of new states inside the forbidden band gap, should be associated with an improved photoanodic performance. It is less obvious reanodization which seems to restore the apparent optical properties of the film back to the as-grown state, should further improve it. This seems to be, again, a good case for demonstrating the higher relative importance of surface states as compared with bulk states both formed by electrochemical treatments. This is especially amplified in this case because, apparently, bulk states act as traps for the non-equilibrium electrons produced in the photoprocess, and, hence, cause a lowering of the faradaic photocurrent especially at the less anodic applied potentials where trapping is most significant. This interpretation is supported by the improvement due to reanodization being mostly emphasized in the potential region corresponding to the ascending branch of the photocurrent wave [16] .
It thus seems that, in general, an increase of K at a wavelength in the visible does signify a change in the stoichiometry which is accompanied by an increased number of both bulk and surface states, as well as conduction electrons. However, while the surface states, which are vital for catalysis, may have a characteristic fate as a result of a given long term working scheme, the larger number of bulk states makes their contribution to the apparent oxide optical properties dominant. Evaluation of the absorption as a function of wavelength may reveal the separate contributions of bulk and surface states which are simultaneously introduced by the same electrochemical treatments. DISCUSSION K. NAEGELE. -The actual state of art of ellipsometry and reflection spectroscopy does not allow -to my opinion the determination of optical constants better than to the first digit after the decimal point. So I would say that you have demonstrated pretty well that the optical constant of the Ir-oxide film at 0.25 V and 1.2 V at this special wavelength are identical. The second remark I would like to make is the fact that one cannot deduce for only two optical constants at one wavelength a different state oxide. This has to be demonstrated by a spectral dependance of n, k, -+ hv.
S. GOTTESFELD. -I think the statement on the inability to detect differences in k between 0.01 and 0.08 is very wrong ! If you take, for example, the fact that differences in light absorption of such two films, both about 2 000 A thick, may be as high as 80 % or more (depending on angle of incidence) you can realize how easy it is to distinguish between such two cases. (It is also important to note, however, that roughening did not occur simultaneously, and, therefore could not have caused the apparent high K values, the original value of n metal could be reobtained after oxide dissolution (4).)
As for the spectroscopic analysis I suspect a very dull spectrum in the visible is expected (see, for example, Digman's spectra for silver oxide). I believe that a spectrum should be taken though, but I do not think that the change in the composition of the oxide is well proved by the results presented at on ; l (see Paatsch's paper).
